Abstract Environmental scanning electron microscope (ESEM) fitted with an energy dispersive X-ray microanalyzer (EDX) was used to investigate the surface micromorphology and arsenic (As) micro-distribution in Chinese brake (Pteris vittata L.). It was found that amounts of trichome, which possessed multicellular structure with the average length of 160 µm and with an average diameter of 28 µm, existed in the frond of P. vittata, and the density of trichome on the pinnate axial surface was higher than that on the petiole. Visible X-ray peak of As was recorded in the epidermal cell and trichome. The relative weight of As in the pinnate trichome, which contained the highest concentration of As among all tissues of the plant, was 2.4 and 3.9 times as much as that in the epidermal and mesophyllous cells, respectively. The As concentrations in the basal and stalk cells of the same trichome were higher than that in its cap cell. This is the first time to report that the trichome of P. vittata plays an important role in arsenic hyperaccumulation. The finding from the present study implies that much attention should be paid to the role of the trichome in understanding the hyperaccumulation and detoxicity of As in the hyperaccumulator and improving the ability of As accumulation.
Heavy metal pollution of soils, caused by various anthropogenic sources, is a major environmental problem. Due to its cost-effectiveness and environmental friendliness, phytoremediation of arsenic-contaminated soils has attracted more and more attention. An arsenic (As) hyperaccumulator, Chinese brake (Pteris vittata L.) was discovered by Chen et al. in China [1] . The field phytoremediation in Chenzhou City, Hunan Province has been successfully carried out by Chen et al. since 2000 [2, 3] . Some research has being conducted to understand the mechanisms of As tolerance and hyperaccumulation of P. vittata since its hyperaccumulation of As was reported. Some researchers had attempted to elucidate the mechanisms by investigating the distribution, speciation and uptake kinetics of P. vittata [4 7] . It was reported that As in P. vittata and P. nervosa was mainly compartmentalized in the upper and lower epidermal cells, probably in the vacuoles [8, 9] . But it is still unclear whether other tissues of P. vittata can store higher concentrations of As. Utilizing ESEM equipped with EDX, we found that trichome of P. vittata played an important role in As hyperaccumulation which provided another way to elucidate the mechanisms of As hyperaccumulation.
Materials and methods

Sand culture
The treatments in this experiment included: (1) control treatment without addition of As; (2) the As treatment added with 10 mg·kg −1 of As. Each treatment was replicated quadruplicately. Seedlings of P. vittata were propagated from spores collected from Hunan Province. When the seedlings were grown up to 2 cm, three plants were transferred into each plastic pot, with 12 cm in diameter and 15 cm in height filled, with 0.7 kg of clean quartz sand and allowed to grow for 1 week prior to experiment. Thereafter, the plant irrigated with a Hoagland nutrient solution and Na 2 HAsO 4 was added to the nutrient solution to give 10 mg·kg −1 of As (V) for As treatment. The nutrient solution was renewed every 2 days to maintain the speciation and concentration of As. Plants were kept in a growth chamber with the following conditions: 26/15 day/night, light intensity of 300 µE·m −2 ·s −1 and 60% relative humidity. After growth for 110 days, the pinna, petiole, rhizoid and root were separated manually. A very small part of fresh samples were used to investigate the As distribution and surface micromorphology of P. vittata, and the others were oven-dried and weighed.
Determination of arsenic in plant
The As concentration of samples was analyzed according to the procedure described by Chen et al. [1] . The samples were digested with HNO 3 -HClO 4 , and the final solution was determined for As concentration by a Haiguang AFS-2202 atomic fluorescence spectrometer made in China. Reference standard plant (GBW-08501) was included for QA/QC program.
Observation of trichome and X-ray microanalysis
Sections of pinna and petiole from different plants were mounted in a stainless steel device. X-ray microanalysis was performed in an ESEM (Philips XL30, Netherlands) fitted with an EDX (EDAM Inc., USA) on a cryostage (4 ), using an acceleration voltage of 25 kV and a working distance of 10 mm. The sample chamber was under the low vacuum of 5 torr. Stage tilt was maintained at 0 0 angle resulting in an X-ray take off angle of 45 0 . To compare the relative levels, net K-shell X-ray peaks of the elements investigated were counted with automatic subtraction of background X-rays [10] . Point analysis of each sample was conducted triplicately. Plant samples for light microscope (Olympus BH-2, Japan) were subjected to a conventional fixation. The diameter of trichome was measured at the midsection of the cap cell head [11] . The length, diameter and density of trichome were measured from a total of 30 glands.
Results
Total arsenic concentration and distribution
Compared with the control, the As addition in the present experiment had no detectable effects on the rhizoid and frond biomasses of P. vittata, but reduced the root biomass significantly (table 1). The root biomass in As treatment was 23% lower than that in the control, indicating that As obviously inhibited the root growth of P. vittata.
Arsenic addition enhanced significantly As concentrations in different tissues of P. vittata. When 10 mg·kg −1 of As was added, the As concentrations in the root, rhizoid, pinna and petiole were 191, 1037, 1604 and 1191 times as much as the corresponding tissues in the control. The highest As concentration, 7219 mg·kg −1 , was found in the pinna followed by rhizoid, petiole and root (table 1) [12] , indicating that the majority of As was accumulated in the pinna. Because the As concentrations in other tissues were lower than the resolution limiting of ESEM, only the pinna was chosen to investigate As micro-distribution.
Observation of trichome
Density of the trichomes was observed on the lower and upper pinnate surfaces ( fig. 1(a) and (b) ) and petiole ( fig. 1(c) ) of P. vittata. On the pinnate surfaces, most of the trichomes were found to adhere to the primary and secondary midribs and a few of them were observed in other tissues ( fig. 1(a) and (b) ). The density along the primary midrib of mature pinna was 3.6 trichomes·mm −1 while that of young pinna was 6.2
Almost all the trichomes observed in P. vittata were procumbent ( fig. 1(c) and (d) ). The trichomes were specialized multicellular structure, ranging from 2 to 8 cells ( fig. 1(f) (h)), with a basal cell embedded in the epidermis. The length from the base of the petiole to the tip of the cap cell varied obviously, ranging from 28 to 690 µm, with a mean of 160±133 µm. The diameter of trichomes in P. vittata varied from 21 to 40 µm, with a mean of 28±5 µm. The average volume of the trichome was about 9.85×10 −5 mm 3 .
Micro-distribution of arsenic in different tissues
In As treatment, As peak of trichome was much higher than that of epidermal cell and that of mesophyllous cell was very low (fig. 2 ). The relative weight of As in the trichome was 2.4 times as much as that in the epidermal cell (table 2) . When 10 mg·kg −1 of As was added, the As concentration in the pinna was 31.5 times as much as that in the roots (table 1) and the As relative weight of the pinnate trichome, which possessed the highest concentration of As among all tissues of P. vittata, was 2.4 and 3.9 times as much as that in the epidermal cell and in the mesophyllous cell, respectively, indicating that the trichome is another important tissue to accumulate As except the epidermal cell.
Although As peak could also be observed in petiole trichome, it was much lower than that in the pinnate trichome ( fig. 2) , indicating that the trichome attached to different tissues of P. vittata had diverse abilities of As accumulation.
The phosphorus (P), sulfur (S) and calcium (Ca) peaks in the pinnate trichome of As treatment were much higher than those in the control ( fig. 2 ) and the relative weights of P, S and Ca increased by 80%, 68% and 50%, respectively, compared with those in the control (table 2) . On the other hand, the relative weights of chloride (Cl) and potassium (K) in the As treatment were lower than those in the control. In As treatment, the relative weight of P in the trichome was greater than that in the epidermal cell or in the mesophyllous cell, indicating that the pinnate trichome may accumulate not only As but also P. 
Micro-distribution of arsenic in trichome
Arsenic concentrations in various kinds of cells of the same trichome were different (table 3). The As peak of cap cell was low and the relative weight was only 18%. The As relative weights in stalk and basal cells of the pinnate trichome were higher than that of the cap cell, indicating that As prefers to be accumulated in basal and stalk cells. Similar to the distribution of As, P and Ca concentrations in base and stalk cells were higher than those in the cap cells. The relative weights of Ca in stalk and basal cells were 2.0 and 2.6 times as much as that in the cap cell, respectively. Contrary to P and Ca, the relative weights of Cl and K in the cap cell were much higher than those in the stalk and basal cells. The relative weight of K in the cap cell was 43% and 42% higher than that in the stalk and basal cells, respectively. 
Discussions
Trichome plays an important role in plant taxonomy [13 15] . But until now, the functions of trichome in ferns are not definitive [16] . Trichome affects the boundary layer over leaf surface and reduces water loss through transpiration. It also protects against insects and pathogens by the phytochemical secretions [13] . Recent researches have focused on understanding the ability of trichome to secrete phytochemicals, which may be exploited for new drug development [17, 18] . To our knowledge, no one had ever reported the role of trichome in arsenic hyperaccumulation.
Arsenic hyperaccumulation by trichomes
Utilizing an ESEM fitted with EDX, we observed that there were many trichomes existing in pinnate surface of P. vittata and the pinnate trichome played a role in arsenic hyperaccumulation. The highest As concentration is found in the pinnate trichome and followed by the pinna, rhizoid, petiole and root. The length of mature pinna ranged from 26 to 41 cm and the width varied from 5 to 7 mm, which means that the surface area of a mature pinna would be 130 287 mm 2 . The density of trichome along primary midrib of mature pinna was 3.6 trichomes·mm −1 , indicating there were at least 468 1033 trichomes per pinna. The average volume of one trichome was about 9.85×10 −5 mm 3 . So we could deduce that the total volume of trichomes per pinna amounted to (4.79 10.2)×10 −2 mm 3 , which provided a huge space to store As, indicating the trichome may play a role in As accumulation in P. vittata. However, why and how the trichome accumulates so high concentration of As is still unclear.
The results of Huang et al. [19] showed that a great deal of As localized in pinnate midrib. In the present experiment, the trichomes were mainly found along the primary and secondary midribs. This pattern can decrease the transport distance of As and is beneficial for As to enter the trichome.
Pteris vittata had the ability to accumulate arsenic in its frond, up to 10000 times greater than that in normal species of plant, far exceeding that observed in soils [1] . In the present experiment, we found that the trichome could hyperaccumulate As from the pinnate cell. Previous results showed that Ni and Cd could be compartmentalized to the trichome [20 22] . As we know, the trichome on epidermal cell is controlled by gene expression. Therefore, it may be possible to improve the ability of P. vittata to accumulate As by increasing its trichome number by molecular technology. The results imply that much attention should be paid to the role of the trichome in understanding the hyperaccumulation and detoxicity of As in the hyperaccumulator and improving the ability of As accumulation.
The relationship between P and As in trichome
Meharg et al. [23 26] and Carbonell et al. [27] reported that arsenate was an analogue of phosphate, competing for the same uptake carriers in the root. Wang et al. [6] also believed that P. vittata absorbed arsenate via the phosphate transporters. The P uptake by barley was enhanced by low level of As but suppressed by high level of As [28] . In general, both As and P belonged to Group V A and thus many researchers believed that As competed with P as a substrate for the P uptake systems in plants. But the results of our group indicated that the micro-distribution of As in P. vittata [29] and P. nervosa [8] had a similar pattern to P.
Tu and Ma [30] also reported P substantially increased arsenate accumulation at high arsenate levels. Those results imply that As and P in the As-hyperaccumulators did not compete with each other during their processes of uptake and translocation.
When 10 mg·kg −1 of As was added, the relative weights of both P and As in trichome were much higher than that in the mesophyllous and epidermal cells ( fig. 2) . As for the same trichome, the micro-distribution of As in different cells was similar to that of P (table 3) , which agreed with our previous findings [29] . Therefore, we conclude that As and P have a similar distribution at the cellular level, and they do not compete with each other during the processes of uptake and translocation.
Application of ESEM in microanalysis of heavy metals
Conventionally, biological samples must progress with fixation, dehydration or metal/carbon coating, which usually resulted in considerable distortion of samples [30] and loss of original elements from samples.
Using a conventional scanning electron microscope (JSM-6301F, JEO) equipped with electron probe, we were unsuccessful to detect visible signals of arsenic in the pinna, which contained more than 7000 mg·kg
of As, and other tissues of P. vittata in our preliminary experiment.
Environmental scanning electron microscope was specially designed to study wet, fatty, or insulating materials under low vacuum, without fixation, dehydration and coating. Under the conditions of high accelerating voltage, the interference of coating was eliminated and the X-ray data of samples was directly attained. When the accelerating voltage was low, it was unnecessary to analyze L and M peaks [31] . Compared with extended X-ray absorption fine structure (EXAFS) technology, the resolution of ESEM was lower and its operative cost was cheaper. Therefore, ESEM is an important instrument to study microdistribution of heavy metals in hyperaccumulators.
